The adsorption of some textile dyes such as Indigosol Blau IBC, Iyozol Turkish G, Iyozol Black B, Remazol Brilliant Orange 3R, Remazol Brilliant Violet 5R, Remazol Blau 3R, Sumufix Red 3BF and Everzol Yellow 4GL with crosslinked poly(N-vinylpyrrolidone) was investigated. Adsorption of these textile dyes onto crosslinked poly(N-vinylpyrrolidone) was studied by batch adsorption techniques at 25ºC. The adsorption isotherms obtained were L-type (Langmuir-type) according to the Giles classification system. Adsorption studies indicated that monolayer coverage of the crosslinked poly-(N-vinylpyrrolidone) by the dyes studied increased in the order: Indigosol Blau IBC Iyozol Turkish G Sumufix Red 3BF Iyozol Black B Remazol Brilliant Orange 3R Remazol Blau 3R Everzol Yellow 4GL Remazol Brilliant Violet 5R. Values of the removal efficiency of the dyes ranged from 21% to 81%.
INTRODUCTION
The major environmental problem with colourants is the removal of dyes from effluent waste materials such as industrial refuse or sewage. Untreated effluents from dyestuff production and dyeing mills may be highly coloured and thus particularly objectionable if discharged to open waters. Although the dye concentrations may be lower than many other chemicals found in wastewaters, the dye will be visible even at low concentration because of its colour. Methods for decolourization have therefore become important in recent years. In principle, decolourization is possible employing one or more of the following methods: adsorption (adsorbing systems have been proposed for the effective treatment of such wastes), precipitation, chemical degradation, photodegradation and biodegradation. The various adsorbents used can be classified in four categories: (i) mineral supports, (ii) vegetal material -generally agricultural by-products; (iii) modified biopolymers for the enhancement of adsorption; and (iv) polymers (Baouab et al. 2001; Karadag a et al. 1996 Karadag a et al. , 1998 Longhinotti et al. 1998; Juang et al. 1997; Saraydin and Karadag a 1996) .
Poly(N-vinylpyrrolidone) (PVP) is a polymeric compound that is widely used for textiles, cosmetics and toiletries, pharmaceuticals, etc. It has the property of forming complexes with a variety of substances (Buhler 1998; Sheth and Bhattacharya 1987) . Some researchers have discussed the interaction of PVP with certain inorganic and organic compounds (Al-Issa et al. 1990; Maruthamuthu and Subramanian 1989; Sheth 1991) . However, the interactions between PVP and textile dyes have been studied only to a limited extent, and sufficient information is not available on the effect of the polymer chain or the composition of textile dyes containing sulphonyl groups in the interaction. Crosslinked poly(N-vinylpyrrolidone) (CPVP) behaves in a similar manner to PVP and is used as an adsorbent for the chromatographic separation of aromatic acids, aldehydes and phenols (Kozuka et al. 1986; Haaf et al. 1985; Marinescu et al. 1987) . The adsorption of anionic dyes containing sulphonyl and azo groups on radiation-crosslinked poly(vinylpyrrolidone/acrylonitrile) and commercial CPVP was reported in our earlier studies (Şahiner and Karadag a 1998; Karadag a 1998, 2000) .
In the present study, crosslinked poly(N-vinylpyrrolidone) (CPVP) was used for the adsorption of some textile dyes from their aqueous solutions. The textile dyes used contained sulphonyl groups, i.e. Indigosol Blau IBC (IB-IBC), Iyozol Turkish G (IT-G), Iyozol Black B (IB-B), Remazol Brilliant Orange 3R (RBO-3R), Remazol Brilliant Violet 5R (RBV-5R), Remazol Blau 3R (RB-3R), Sumufix Red 3BF (SR-3BF) and Everzol Yellow 4GL (EY-4GL). These dyes have been used in the textile industry for dyeing cotton, rayon and cellulosic fibres.
EXPERIMENTAL

Materials
CPVP was obtained from BASF (Germany) while Indigosol Blau IBC, Iyozol Turkish G, Iyozol Black B, Remazol Brilliant Orange 3R, Remazol Brilliant Violet 5R, Remazol Blau 3R, Sumufix Red 3BF and Everzol Yellow 4GL were obtained as gift samples from a local trade organization in Antalya-Turkey. All were used as received.
Methods
Spectroscopic analysis of the textile dye samples used in this study was undertaken using a Mattson 1000 FT-IR spectrometer, aqueous solutions of the same having been prepared at the desired concentration (mg/l). In each case, a known weight of CPVP (0.1 g) was transferred into a flask containing 50 ml of the aqueous textile dye solution and the flask then allowed to equilibrate for 2 d at 25 C in a water bath. The supernatant liquid from each of these systems was separated from the adsorbent by decantation and centrifugation.
Spectrophotometric measurements of these liquids were carried out at ambient temperature using a Shimadzu A160 model UV-vis double-beam spectrophotometer, scanning from the minimum to the maximum wavelength in the visible spectral range to determine their maximum absorbance values. These maximum absorbance values were recorded and used for photometric measurements employing distilled water as the reference liquid. The equilibrium concentrations of the textile dyes were determined by means of pre-calibrated scales.
RESULTS AND DISCUSSION
IR analysis of the textile dyes
All samples were thoroughly ground and exhaustively dried, following which KBr discs were prepared by compression under vacuum. FT-IR spectra of all the dyes and CPVP/dye systems were taken to investigate the structures of the textile dyes and their bonding mechanisms to CPVP. As examples, Figures 1 and 2 record the FT-IR spectra of CPVP, IT-G and the CPVP/IT-G system.
The assignments of the main bands and related groups in the FT-IR spectra of the textile dyes are listed in Table 1 .
The data in Table 1 and Figure 1 clearly indicate that the textile dyes used in this study were anionic azo dyes containing -SO 3 and -N N-groups. Figure 2 shows that the peak at 1140 cm 1 in the spectrum of IT-G disappeared when this dye was incorporated in the CPVP/IT-G system. The peaks appearing in the spectral range 1100-1500 cm 1 were due to the C-N bond in the CPVP, with changes in the intensities of the peaks in this region possibly being due to interactions between the nitrogen atom in CPVP and the -SO 3 group in IT-G.
Binding of anionic textile dyes onto CPVP
To monitor the adsorption of anionic textile dyes containing the sulphonyl group, samples of CPVP was placed in prepared aqueous solutions of IB-IBC, IT-G, IB-B, RBO-3R, RBV-5R, RB-3R, SR-3BF and EY-4GL and allowed to equilibrate for 2 d. At the end of this period, the CPVP present in the solutions of the textile dyes showed dark colourations corresponding to the colours of the original solutions. Interactions between textile dyes and CPVP can arise from hydrophobic effects, dipole/induced dipole forces, hydrogen bonding and ion-ion interactions (Molyneux 1984; Molyneux and Vekavakayanondha 1986) :
(a) Hydrophobic effects. These are interactions that occur specifically in aqueous solutions.
In the present case, they involve the aromatic ring on the azo dye molecule and the methine and methylene groups on the CPVP polymer chain. (b) Dipole/induced dipole forces. These will occur between the highly dipolar amide group on the CPVP monomer unit and the highly polarizable aromatic groups on the azo dye molecules. (c) Hydrogen bonding. Bonding of this type would be expected between amine groups on the azo dye molecule and the hydrogen atom on the monomer units. 
Binding isotherms of anionic azo dyes onto CPVP
To construct the adsorption isotherms of textile dyes onto CPVP, the quantities of textile dye adsorbed per unit weight of polymer, Q [mg dye/(g CPVP)], were calculated for the dye solutions at each concentration using equation (1):
(1)
where C i and C are the initial and equilibrium concentrations (mg/l), respectively, of the dye solutions, V is the volume of the solution and m the weight of polymer added (g). Plots of the values of Q (mg/g) versus C, the free solute concentration of the dyes in solution (mg/l), are depicted in Figure 3 . These show that the adsorption of anionic textile dyes onto CPVP generated type-L (Langmuir-type) adsorption isotherms in the Giles classification system. In this type of adsorption isotherm, the initial curvature shows that it becomes increasingly difficult for a bombarding solute molecule to find a vacant site available as more and more sites on the substrate are filled. This implies that either the adsorbed solute molecule is not oriented vertically or there is no strong competition from the solvent. The types of systems studied in the present work did, in fact, fulfill these conditions. Thus, they had one of the following characteristics: (i) the adsorbed molecules were most likely to have been adsorbed flat or (ii) if adsorbed end-on, they suffered little solvent competition. Examples of characteristic (ii) are (a) systems containing a highly polar solute, adsorbent and a non-polar solvent, and (b) systems in which monofunctional ionic substances with strong intermolecular attraction are adsorbed from water by ion-ion attraction (Saraydin and Karadag a 1996). It is possible that, in cases of system (b), the adsorbed ions may have become associated into very large clusters during the adsorption process.
Such interactions may occur between the negative charges of the sulphonyl groups on the azo dyes and the positive charges on the tertiary nitrogen atom of the pyrrolidone ring in the polymer chains resulting in keto-enol tautomerism (Giles et al. 1960 (Giles et al. , 1974a A schematic representation of the keto-enol tautomerism of the pyrrolidone ring is shown in Scheme 1, while possible ion-ion interaction between the negative charges of the sulphonyl groups on the textile dyes and positive charges on the polymer is depicted in Scheme 2. Scheme 1. Keto-enol tautomerism of the pyrrolidone ring.
Scheme 2. Ion-ion interaction between the negative charge of the sulphonyl group on the azo dye and the positive charge of the polymer. The B point method was applied to the plots of Figure 3 in an attempt to calculate the site density Q m , i.e. the limiting value of Q for 'monolayer' coverage. Such values of Q m are listed in Table 2 . The data recorded in this table show that while the adsorption of textile dyes on CPVPs was greatest for dyes of the Indigosol type, it was medium for dyes of the Iyozol and Sumufix types and smallest for dyes of the Remazol and Everzol types.
Selectivities (S) were calculated using the value of Q m for each dye divided by the smallest Q m value measured. Such calculations showed that, if the IB-IBC and RBV-5R dyes were mixed, 656 Sema Ekici et al./Adsorption Science & Technology Vol. 21 No. 7 2003 CPVP would absorb 120-times more IB-IBC than RBV-5R. In other words, CPVP could be used for the successive separation of IB-IBC from RBV-5R from a binary mixture of these dyes.
The effect of the weight of adsorbent employed
This effect was studied using aqueous dye solutions of constant concentration but different weights of CPVP. Thus, increasing amounts of CPVP were placed into separate flasks containing 50 ml of the aqueous dye solutions and the contents of the flasks allowed to equilibrate in a water bath at 25°C for 2 d. Values of the removal efficiency (RE%) were calculated using equation (2):
( 2) where C i and C are the initial and equilibrium concentrations (mg/l), respectively, of the dye solutions. Plots of the RE% values versus the weight of CPVP employed are shown in Figure 4 . 
